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Insulin signalingEctonucleotide pyrophosphatase phosphodiesterase 1 (ENPP1) inhibits insulin signaling and action. Under-
standing the mechanisms underlying ENPP1 expression may help unravel molecular mechanisms of insulin re-
sistance. Recent data suggest a role of ENPP1-3′untraslated region (UTR), in controlling ENPP1 expression. We
sought to identify trans-acting ENPP1-3′UTR binding proteins, and investigate their role on insulin signaling.
By RNA pull-down, 49 proteins bound to ENPP1-3′UTR RNA were identiﬁed by mass spectrometry (MS).
Among these, in silico analysis of genome wide association studies and expression proﬁle datasets pointed
to N-acetylgalactosaminyltransferase 2 gene (GALNT2) for subsequent investigations. Gene expression levels
were evaluated by RT-PCR. Protein expression levels, IRS-1 and Akt phosphorylation were evaluated by
Western blot. Insulin receptor (IR) autophosphorylation was evaluated by ELISA.
GALNT2 down-regulation increased while GALNT2 over-expression reduced ENPP1 expression levels. In addi-
tion, GALNT2 down-regulation reduced insulin stimulation of IR, IRS-1 and Akt phosphorylation and insulin
inhibition of phosphoenolpyruvate carboxykinase (PEPCK) expression, a key neoglucogenetic enzyme.
Our data point to GALNT2 as a novel factor involved in the modulation of ENPP1 expression as well as insulin
signaling and action in human liver HepG2 cells.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Insulin resistance plays a major role in the pathogenesis of type 2
diabetes, pro-atherogenic dyslipidemia and cardiovascular disease,
thus imposing a tremendous burden to morbidity and mortality in
developed countries [1].
Themolecularmechanisms underlying insulin resistance aremostly
unraveled [2]. Among several molecules involved in this process, the
class II transmembrane glycoprotein ectonucleotide pyrophosphatase
phosphodiesterase 1 (ENPP1) was identiﬁed as a putative candidate.
ENPP1 binds to [3] and inhibits the insulin receptor (IR) and subsequent
downstream insulin signaling and action in both cultured cells [4–10]
and animal models [9,11,12]. In addition, ENPP1 is over-expressed inase phosphodiesterase 1; UTR,
ransferase 2 gene; IR, insulin
GWAS, genome wide associa-
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l rights reserved.several tissues of insulin-resistant subjects [13–17]. Finally, in vitro and
in vivo studies on a gain of function amino acid substitution (i.e. K121Q
polymorphism; rs1805101) provided further support to the notion that
ENPP1 affects insulin action [7,10,18–22]. Thus, unraveling the mecha-
nisms involved in themodulation of ENPP1 expressionmight help devel-
oping strategies aimed at counteracting and possibly reversing some
forms of insulin resistance.
Recent data indicated that the 3′untranslated region (UTR) of
ENPP1mRNA plays a role in controlling ENPP1 expression, suggesting
the existence of trans-acting proteins that affect ENPP1 mRNA stabil-
ity [23,24]. The aim of this study was to identify speciﬁc ENPP1-3′
UTR binding proteins by means of RNA pull-down experiments and
to investigate their potential role on affecting ENPP1 expression and
modulating insulin signaling and action in human liver cells, the ut-
most target of insulin action on glucose homeostasis.
2. Materials and methods
2.1. RNA preparation
Themost conserved region (i.e. nucleotide (nt) 2750 to nt 3176 of the
ENPP1 cDNA) of ENPP1-3′UTR (either wild type or polymorphic-“P” [25])
1389A. Marucci et al. / Biochimica et Biophysica Acta 1833 (2013) 1388–1395was obtained as previously described [24] and then used as
template. The antisense sequence of the same region was used as
control RNA.
2.2. RNA pull-down
In order to identify those proteins which speciﬁcally bind the
ENPP1-3′UTR, the RNA pull-down with adipic acid dehydrazide bead
method was used. Brieﬂy, 15 μg of ENPP1-3′UTR, “P” ENPP1-3′UTR
or control RNA, obtained as previously described [24], was placed in
a 400 μl reaction mixture containing 100 mmol/l NaOAc, pH 5.2,
and 5 mmol/l sodium m-periodate (Sigma-Aldrich, St. Louis, MO), in-
cubated for 1 h in the dark at room temperature, ethanol precipitated,
and resuspended in 100 μl of 100 mmol/l NaOAc, pH 5.2. Then 300 μl
of adipic acid dehydrazide agarose beads 50% slurry (Sigma-Aldrich,
St. Louis, MO) equilibrated in 100 mmol/l NaOAc, pH 5.2, was added
to this mixture and incubated for 12 h at 4 °C on a rotator. The RNA
that covalently immobilized onto agarose beads was pelleted, washed
twice with 1 ml of 2 mol/l NaCl, equilibrated in washing buffer
(5 mmol/l HEPES, pH 7.9, 1 mmol/l MgCl2, 0.8 mmol/l magnesium
acetate) and, ﬁnally, incubated with 3 mg of cellular protein extract
for 30 min at room temperature in 0.6 ml ﬁnal volume. Heparin
was also added to a ﬁnal concentration of 7 μg/μl. After further
washing (i.e. four times in 1.5 ml of washing buffer), proteins
retained by RNA sequences were eluted in SDS sample buffer and
fractionated by a 12.5% SDS-PAGE. Gels were stained with colloidal
blue staining kit (Invitrogen Life Technologies, Carlsbad, CA)
[26,27].
2.3. Identiﬁcation and characterizations of ENPP1-3′UTR binding proteins
Protein bands were excised from the destained gel, reduced,
alkylated and digested with trypsin [28]. Peptide mixtures were
extracted from the gel and analyzed by nano-chromatography tandem
MS (nanoLC–MS/MS) on a CHIP MS Ion Trap XCT Ultra equipped with
a capillary 1100 HPLC system and a chip cube (Agilent Technologies,
Palo Alto, CA). Peptide analysis was performed using data-dependent
acquisition of oneMS scan (mass range from400 to 2000 m/z) followed
by MS/MS scans of the three most abundant ions in each MS scan. Raw
data from nanoLC–MS/MS analyses were employed to query a
non-redundant protein database using in house MASCOT software
(Matrix Science, Boston, MA). Proteins identiﬁed in both the control
and the sample lane were discarded, whereas those proteins solely
identiﬁed in the sample and absent in the control were selected as
putative ENPP1-3′UTR interactors.
2.4. In silico analysis
In order to prioritize proteins thatwere speciﬁcally bound to ENPP1-3′
UTR and identiﬁed by mass spectrometry analysis, we interrogated and
cross-checked genome wide association studies (GWAS) and expression
proﬁle datasets. Only proteins coded by genes that satisﬁed the following
criteria were selected for further analyses:
1. Genes containing or being nearby single nucleotide polymorphisms
(SNPs) showing genome-wide association with one or more of
the following traits: adiposity measures (i.e. BMI and waist cir-
cumference), insulin resistance (i.e. homeostatic model assess-
ment of insulin resistance – HOMA-IR index – and fasting
insulin), glucose homeostasis (i.e. fasting and 2 h glucose at
OGTT and type 2 diabetes), and pro-atherogenic dyslipidemia
(i.e. triglycerides and HDL-cholesterol).
2. Genes whose expression in human and animal tissues is relevant for
glucose homeostasis (i.e. liver, skeletal muscle and adipose tissue)
was signiﬁcantly (p b 0.05) associated with at least one of the
above-mentioned trait.The in silico analysis was carried out by browsing:
• HuGENavigator/GWAS Integrator (www.hugenavigator.net/
HuGENavigator/AHitStartPage.do), a bioinformatics tool that pro-
vides robust lookup and analytic functionalities for all pub-
lished GWAS.
• NextBio (NextBio, www.nextbio.com) that allows exploring ex-
perimental data from an extensive set of public sources, covering
a broad range of techniques and therapeutic areas.
2.5. Cell culture
HEK293 (human embryo kidney) or HepG2 (human hepatoma
cell line) cells (ECACC, Salisbury, UK) were maintained at 37 °C and
5% CO2 in DMEM/F12 containing 10% FBS (EuroClone S.p.A., Milano,
Italy). Before experiments, HepG2 cells were seeded in six-well plates
and grown in DMEM/F12 complete medium for 48 h.
2.6. GALNT2 siRNA and cDNA transfections
HepG2 cells were either transfected with 10 nmol/l of small interfer-
ing RNA (siRNA) targeted against GALNT2 mRNA (ON-TARGETplus
SMARTpool Human GALNT2 L-011865-01-0005 Thermo-Scientiﬁc
Dharmacon Lafayette, CO) or with 10 nmol/l of scrambled siRNA
(ON-TARGETplus non-targeting Pool D-001810-10-20 Thermo-Scientiﬁc
Dharmacon Lafayette, CO) by using Interferin™ Transfection Reagents
(Polyplus, Illkirch, France), according to the manufacturer's instructions.
After 48 or 96 h treatment, followed by cell lysis, equal amount of pro-
teins was analyzed by Western blot as described below.
Otherwise, HepG2 were transiently transfected either with empty
vector (mock cells) or with GALNT2 cDNA Myc/DDK tagged, cloned in
pCMV6 Entry vector TrueORF Gold (OriGene Technologies, Rockville,
MD) (GALNT2 cells), by using TransIT Reagent (Mirus, Madison,
WI), according to the manufacturer's instructions.
2.7. RNA extraction, cDNA synthesis, and gene expression analysis
Total RNA was isolated from cells using RNeasy Mini kit (Qiagen
S.r.l., Milan, Italy). cDNA was generated by reverse transcription with
iScript™ Reverse Transcription (Biorad, Hercules, CA) according to the
manufacturer's instructions and used as template in the subsequent
analyses. Gene Expression Assay on Demand Kit Reagents (Applera
Life Technologies, Carlsbad, CA) or PrimeTime Std qPCR Assay (IDT,
San Jose, CA) were used to quantify relative gene expression levels of
ENPP1, PEPCK (phosphoenolpyruvate carboxykinase) and GAPDH (glyc-
eraldehyde 3-phosphate dehydrogenase) on ABI-PRISM 7500 (Applera
Life Technologies, Carlsbad, CA). Expression levels of ENPP1 and PEPCK
were calculated by using the comparative ΔCT method. Brieﬂy, the
amount of ENPP1 and PEPCKwere normalized to GAPDH as endogenous
reference (2−ΔCT) in experiments run in triplicate and expressed as per-
centage of control cells of the ﬁrst of several experiments.
2.8. Antibodies
Antibody directed against GALNT2 was obtained from Abcam
(Cambridge, UK). Anti-ENPP1 anti-GAPDH and anti-IR β-subunit
antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-Phospho-IRS-1 Tyr895, anti-IRS-1, anti-Phospho-Akt Ser473 and
anti-Akt, antibodies were purchased from Cell signaling (Boston, MA).
2.9. Western blot analysis
Cell lysateswere separated by SDS-PAGE and transferred to nitrocel-
lulosemembrane (AmershamPharmacia Biotech, Piscataway, NJ). After
blotting with speciﬁc antibodies described above, immunocomplexes
were detected with the Super Signal West Pico (Thermo Fisher
Fig. 1. SDS-PAGE of RNA protein pulled-down. HEK293 total protein extract was incu-
bated with either agarose beads alone (lane 1) or ENPP1-3′UTR RNA (lane 2) or control
RNA (lane 3) covalently linked to agarose beads. The complex were eluted with SDS
sample buffer, loaded on 12.5% SDS-PAGE, separated by electrophoresis and stained
with colloidal blue staining kit. Entire lanes observed in the gel were cut in slices and
submitted to the identiﬁcation procedure as described in Materials and methods.
1390 A. Marucci et al. / Biochimica et Biophysica Acta 1833 (2013) 1388–1395Scientiﬁc Pierce, Rockford, IL). Gel images were acquired by Molecular
Imager ChemiDoc XRS (Biorad, Hercules, CA) and band intensities
were measured by Kodak Molecular Imaging Software 4.0 as Optical
Density (OD) values. ENPP1 protein expression was evaluated by
ENPP1/GAPDH OD ratio and expressed as means ± SD. IRS-1-Tyr895
and Akt-Ser473 phosphorylations were calculated as IRS-1-Tyr895
phosphorylation/IRS-1 or Akt-Ser473 phosphorylation/Akt OD ratio re-
spectively and expressed as means ± SD.
2.10. IR β-subunit autophosphorylation
After 18 h starvation, both GALNT2 silenced and GALNT2 transfected
as well as their respective control HepG2 cells were stimulated with
100 nmol/l insulin for 5 min and lysed. IR β-subunit autophosphoryl-
ation was analyzed by using CST's PathScan Phospho-Insulin Receptor
β (Tyr1150/1151) solid phase sandwich enzyme-linked immunosorbent
assay (ELISA) Kit according to manufacturer's instruction (Cell signaling,
Boston, MA). Brieﬂy, equal amount of proteinwas incubatedwith a coat-
ed anti-Insulin Receptor β mouse antibody in order to capture both
phospho- and nonphospho-insulin receptor proteins. Following exten-
sive washing, anti-phospho Insulin Receptor β (Tyr1150/1151) rabbit
antibody is added to detect the captured phospho-insulin receptor pro-
tein. Anti-rabbit IgG, HRP-linked antibody is then used to recognize the
bound detection antibody. OD values were used as a measure of IR
β-subunit autophosphorylation. Data are means ± SD.
2.11. IRS-1-Tyr895 and Akt-Ser473phosphorylation
After 18 h starvation, GALNT2 silenced or not silenced HepG2 cells
were stimulated with 100 nmol/l insulin for 5 min and lysed; then,
equal amount of proteins was analyzed by Western blot and probed
with anti-Phospho-IRS-1 Tyr895, anti-Phospho-Akt Ser473, anti IRS-1
or anti-Akt. IRS-1 and Akt phosphorylation levels were normalized
against IRS-1 or Akt content and expressed as described above.
2.12. PEPCK mRNA expression levels
Insulin action on glucose metabolism was assessed by studying
mRNA level of the gluconeogenetic enzyme PEPCK in HepG2 cells.
After 18 h starvation, silenced or not silenced HepG2 cells were stimu-
lated with 100 nmol/l insulin for 10 h. Total RNA extraction and cDNA
synthesis and PEPCKmRNA level measurementwere performed as pre-
viously reported [10] and calculated as described above.
2.13. Statistical analyses
Differences between the mean values were evaluated by Student's
t test. Data are presented as means ± SD. SPSS 13 software package
was used for all analyses.
3. Results
3.1. Identiﬁcation and characterization of GALNT2 as an ENPP1-3′UTR
binding proteins
Proteins that speciﬁcally bind the ENPP1-3′UTR were identiﬁed by
a functional proteomic approach using afﬁnity capture and tandem
MS. Fig. 1 shows the corresponding gel stained with colloidal blue
Coomassie. The entire sample and control lanes of the gel were cut
in slices and proteins occurring in each slice were identiﬁed by
tandem-MS. Common proteins identiﬁed in both the sample and
the control gel slices were eliminated, thus greatly decreasing the
number of false positives. A total of forty-nine putative candidate pro-
teins were identiﬁed (Supplementary Table 1).
A screening procedure was applied to the list of identiﬁed proteins
to select the most promising 3′UTR interactors by interrogatingGWAS and expression proﬁle datasets using the selection criteria de-
scribed in Materials and methods. Among the forty-nine putative pro-
tein interactors, ten matched the inclusion criteria at the GWAS
dataset, whereas only two proteins were selected when using the ex-
pression proﬁle datasets. When data from the two screening proce-
dures were cross-checked, only GALNT2 matched inclusion criteria
at both datasets and was, then, selected for subsequent investigation.
The GALNT2 gene codes for an UDP-N-acetyl-alpha-D-galactosamine
polypeptide N-acetylgalactosaminyltransferase (O-GalNAc) which
contributes to the initiation of mucin-type O-linked glycosylation
[29].
3.2. Conﬁrmation of GALNT2-ENPP1-3′UTR interaction
The interaction of GALNT2with ENPP1-3′UTR RNAwas conﬁrmed by
an additional RNA pull-down assay from HEK293 total protein extract
followed byWestern-blot analysis (Fig. 2). By using anti-GALNT2 specif-
ic antibody, a clear band was detected in RNA pulled-down human
HEK293 cells (Fig. 2 panel A lane 2, n = 2), thus conﬁrming that
GALNT2 binds to ENPP1-3′UTR. The interaction between ENPP1 and
GALNT2 was further conﬁrmed in typical human insulin target cells,
namely liver HepG2 cells (Fig. 2 panel B). Such binding was not
inﬂuenced by the polymorphic “P” 3′UTR haplotype (Supplementary
Fig. 1), reported to affect ENPP1 mRNA expression [25].
3.3. Role of GALNT2 downregulation on ENPP1 expression and on insulin
signaling and action
Exposure of HepG2 cells to GALNT2 siRNA for both 48 and 96 h al-
most abolished GALNT2 expression as compared to scrambled siRNA
transfected cells (Fig. 3, panel A: lanes 2 vs. 1, n = 3 and lanes 4 vs. 3,
n = 5, respectively). As compared to scrambled siRNA transfected
cells, in GALNT2 downregulated cells (Fig. 3, panel B), ENPP1 expres-
sion tended to be increased at 48 h (i.e. 43% increase, p = 0.05–0.1),
and was signiﬁcantly increased at 96 h (116% increase, p b 0.05). Co-
herently, although to a lesser extent, also ENPP1 protein level was in-
creased at 96 h in GALNT2 downregulated as compared to control
cells (27% increase, p b 0.01, Fig. 3, panel C).
Given thewell established inhibitory role of ENPP1 on insulin signal-
ing and action [10], we tested the effect of GALNT2 downregulation on
such pathways. After GALNT2 downregulation, insulin-induced IR
Fig. 2. GALNT2/ENPP1-3′UTR interaction in HEK293 and HepG2 cells. RNA pull-down
was performed as described in Materials and methods. Following incubation with
3 mg of HEK293 (panel A), or HepG2 (panel B) total cell lysates, pulled-down proteins
with either ENPP1-3′UTR, or control RNA were analyzed by Western blot with
anti-GALNT2 speciﬁc antibody. A clear band was evident in ENPP1-3′UTR (lane 2,
panels A and B) pulled-down proteins while no band was detectable in control RNA
pulled-down proteins (lane 3, panels A and B). GALNT2 expression in 50 μg of total
cell lysate is shown in lane 1, panels A and B.
1391A. Marucci et al. / Biochimica et Biophysica Acta 1833 (2013) 1388–1395β-subunit autophosphorylation (Fig. 4 panel B) was signiﬁcantly re-
duced as compared to insulin-stimulated scrambled siRNA cells (23%
reduction, p b 0.05). IR protein content was superimposable across all
different experimental conditions (Fig. 4 panel A). In GALNT2 siRNA
cells also IRS-1 Tyr895 (Fig. 5, panel A) and Akt-Ser473 (Fig. 5, panel B)
phosphorylations were signiﬁcantly reduced as compared to whatFig. 3. Effect of GALNT2 siRNA on ENPP1 expression. A. HepG2 cells were transfected with
methods. Expression of GALNT2 (upper blot) and GAPDH (lower blot) was evaluated by W
resentative blot for each condition is shown. B. HepG2 cells were either treated with scram
were measured by Real-Time PCR as described inMaterials and methods. Data are expressed
(n = 5) respectively. Data are means ± SD. *p b 0.05. C. HepG2 cells were either transfe
methods. Equal amount of protein from cell lysates was separated by SDS-PAGE and prob
ENPP1/GAPDH OD ratio (representative immunoblots are shown in lower panel). Data areobserved in insulin-stimulated scrambled siRNA cells (25% reduction
p b 0.01 and 57% reduction p b 0.05 respectively).
Insulin signiﬁcantly suppressed gluconeogenetic enzyme PEPCK
mRNA levels in scrambled siRNA cells (54% reduction, p b 0.01).
This effect was partially lost in GALNT2 siRNA HepG2 cells in which
only a 33% reduction of PEPCK mRNA levels was found (p = not sig-
niﬁcant vs. non insulin stimulated cells; Fig. 6). In addition, PEPCK
mRNA levels in scrambled siRNA insulin-stimulated cells were signif-
icantly lower than those in GALNT2 siRNA insulin-stimulated cells
(p b 0.05, Fig. 6). Thus, the observed deleterious effect of GALNT2
downregulation on ENPP1 expression is paralleled by a similar effect
on downstream insulin signaling and action on glucose metabolism.
3.4. Role of GALNT2 upregulation on ENPP1 expression and on insulin
signaling
Exposure of HepG2 cells to GALNT2 cDNA for 96 h, which almost
doubled GALNT2 expression (Fig. 7, panel A), reduced ENPP1 mRNA
expression levels by 30% as compared to mock HepG2 control cells
(p b 0.01, Fig. 7, panel B), thus mirroring the data obtained by
GALNT2 downregulation. In contrast, GALNT2 upregulation did not
affect ENPP1 protein content as shown in Fig. 7, panel C. This lack of
effect is observed despite the maintained ability of transfected
GALNT2 to bind ENPP1-3′UTR (Supplementary Fig. 2). Conversely,
these apparently discordant results may be due to a high ENPP1
protein stability in HepG2 cells which makes it difﬁcult to detect any
effect of ENPP1 mRNA reduction due to GALNT2 overexpression. To
test this hypothesis, we exposed cells to ENPP1 siRNA for 96 h and
then measured both ENPP1 mRNA and protein content. While ENPP1
mRNA expression levels were decreased by 39 ± 12% as compared to
scrambled siRNA HepG2 transfected cells (n = 3 experiments,either scrambled siRNA or GALNT2 siRNA for 48 or 96 h, as described in Materials and
estern blot by using anti-GALNT2 or anti-GAPDH speciﬁc antibody respectively. A rep-
bled siRNA (black bar) or GALNT2 siRNA (gray bar) and ENPP1 mRNA expression levels
as percentage of scrambled siRNA cells of the ﬁrst experiment at 48 h (n = 3) and 96 h
cted with scrambled siRNA or GALNT2 siRNA for 96 h, as described in Materials and
ed with anti-ENPP1 and anti-GAPDH speciﬁc antibody. Bars (upper panel) represent
means ± SD of 6 experiments in separate times. §p b 0.01.
Fig. 4. Effect of GALNT2 siRNA on IR β-subunit autophosphorylation. HepG2 cells were either
transfectedwith scrambled siRNAorGALNT2 siRNA for 96 hand then stimulatedwith insulin
as described inMaterials andmethods. A. Equal amount of protein from cell lysateswas sep-
arated by SDS-PAGE. IR and GAPDH protein contentwas evaluated byWestern blot by using
anti-IR β-subunit or anti-GAPDH speciﬁc antibody, respectively (a representative blot out of
3 experiments for each condition is shown). B. Bars represent OD values of IR β-subunit au-
tophosphorylation as assessed by ELISA (see Materials and methods). Data are means ± SD
of 3 experiments in separate times. *p b 0.05.
Fig. 5. Effect of GALNT2 siRNA on IRS-1-Y895 and Akt-S473 phosphorylation. HepG2 cells were
with insulin as described in Materials and methods. Equal amount of protein from cell lysa
both IRS-1 and GAPDH protein content were evaluated by Western blot analysis by using a
(upper panel) represent quantitative analysis of IRS-1-Y895 phosphorylation calculated as IRS
arate times. §p b 0.01. B. Insulin stimulated Akt-Ser473 phosphorylation and both Akt a
phospho-Akt-Ser473, anti-Akt or anti-GAPDH speciﬁc antibody, respectively. Bars (upper
Akt-Ser473 phosphorylation/Akt OD ratio. Data are means ± SD of 3 experiments in separa
Fig. 6. Effect of GALNT2 siRNA on PEPCK expression. HepG2 cells were either
transfected with scrambled siRNA or GALNT2 siRNA for 96 h and stimulated with insu-
lin as described in Materials and methods. PEPCK mRNA expression levels were mea-
sured by Real-Time PCR, as described in Materials and methods and expressed as
percentage of unstimulated scrambled siRNA cells of the ﬁrst experiment. Data are
means ± SD of 4 experiments in separate times. *p b 0.05 and §p b 0.01.
1392 A. Marucci et al. / Biochimica et Biophysica Acta 1833 (2013) 1388–1395p b 0.05), ENPP1 protein content was totally unaffected (110 ± 15% as
compared to scrambled siRNA cells, n = 3 experiments, p b 0.05), thus
reinforcing the hypothesis of a high ENPP1 protein stability, which does
not allow to appreciate variation in protein level, at least under these
experimental conditions.either transfected with scrambled siRNA or GALNT2 siRNA for 96 h and then stimulated
tes was separated by SDS-PAGE. A. Insulin stimulated IRS-1-Y895 phosphorylation and
nti phospho-IRS-1-Y895, anti-IRS-1 or anti-GAPDH speciﬁc antibody, respectively. Bars
-1-Y895 phosphorylation/IRS-1 OD ratio. Data are means ± SD of 4 experiments in sep-
nd GAPDH protein content were evaluated by Western blot analysis by using anti
panel) represent quantitative analysis of Akt-Ser473 phosphorylation calculated as
te times. *p b 0.05.
1393A. Marucci et al. / Biochimica et Biophysica Acta 1833 (2013) 1388–1395Coherently with the unchanged ENPP1 protein content, insulin-
induced IR β-subunit autophosphorylation was similar in GALNT2
overexpression and mock HepG2 control cells (Fig. 8 panel B). IR protein
content was superimposable across all different experimental conditions
(Fig. 8 panel A). Basedupon these negative results no further experiments
on downstream insulin signaling were carried out.Fig. 8. Effect of GALNT2 transfection on IR β-subunit autophosphorylation. HepG2 cells
were either transfected with mock or with GALNT2 cDNA and then stimulated with in-
sulin as described in Materials and methods. A. Equal amount of protein from cell ly-
sates was separated by SDS-PAGE. IR and GAPDH protein content was evaluated by
Western blot by using anti-IR β-subunit or anti-GAPDH speciﬁc antibody, respectively
(a representative blot out of 3 experiments for each condition is shown). B. Bars repre-
sent OD values of IR β-subunit autophosphorylation as assessed by ELISA (see Mate-
rials and methods). Data are means ± SD of 3 experiments in separate times.4. Discussion
Functional [4,7,10] metabolic [13,14,16] and genetic [18,23,25,30–38]
studies suggest that ENPP1 acts as a negative modulator of insulin signal-
ing and action. Thus, addressing the mechanisms underlying ENPP1
expression may help unravel novel molecular mechanisms of insulin
resistance.
Our study on human liver HepG2 cells shows that GALNT2 binds to
ENPP1-3′UTR mRNA and inhibits ENPP1 transcript and protein levels.
This ﬁnding adds to previous functional [24,25] and genetic [23,25]
reports suggesting that, in fact, the 3′UTR is involved in the regulation
of ENPP1 expression in human liver cells, the utmost target of insulin
action on glucose homeostasis. Of note, a previously reported 3′UTR
polymorphic haplotype did not impair GALNT2 binding afﬁnity, thus
suggesting that its effect on ENPP1mRNA levels [25] is not mediated by
GALNT2. Whether other SNPs associated with metabolic traits [23]
which are located outside the most conserved 3′UTR we used for our
experiments, affect GALNT2 binding may be interested to be addressed
by further investigations. Also of note is that HSP70 was not identiﬁed
as a binding protein of ENPP1-3′UTR, a ﬁnding which is in contrast
with our previous reports [24]. We like to speculate that the different
methods utilized in our present and previous studies (RNA-pull-down
vs. RNA Mobility Shift Analysis) underline the different results we
obtained.
A second important ﬁnding of this study is that GALNT2
downregulation affects insulin-induced IR β-subunit autophos-
phorylation, IRS-1 Tyr895 and Akt Ser473 phosphorylations and
PEPCK expression, four key steps of insulin signaling and gluconeogeneticFig. 7. Effect of GALNT2 transfection on ENPP1 expression. A. HepG2 cells were either transfected with mock or with GALNT2 cDNA as described in Materials and methods. Equal
amount of protein from cell lysates was separated by SDS-PAGE and probed with anti-GALNT2 (upper blot) or anti-GAPDH (lower blot) speciﬁc antibody. A representative blot
out of 3 experiments for each condition is shown. B. ENPP1 expression levels were measured by Real-Time PCR as described in Materials and methods and expressed as percentage
of mock HepG2 cells of the ﬁrst experiment. Data are means ± SD of 3 experiments in separate times. §p b 0.01. C. HepG2 cells were either transfected with mock or with GALNT2
cDNA as described in Materials and methods. Equal amount of protein from cell lysates was separated by SDS-PAGE and probed with anti-ENPP1 and anti-GAPDH speciﬁc antibody.
Bars (upper panel) represent ENPP1/GAPDH OD ratio (representative immunoblots are shown in lower panel). Data are means ± SD of 3 experiments in separate times.
1394 A. Marucci et al. / Biochimica et Biophysica Acta 1833 (2013) 1388–1395activity. These effects are very likely mediated, by ENPP1 protein
up-regulation. In fact, GALNT2 overexpression, which down-regulates
ENPP1mRNA levels but not ENPP1 protein content, is not paralleled by
any change of insulin-induced IR β-subunit autophosphorylation. This
ﬁnding reinforces the hypothesis that ENPP1 up-regulation, mediates,
at least partly, GALNT2 down-regulation effects on insulin signaling
and action. We acknowledge that further experiments using cellular
models lacking both ENPP1 alleles, are needed to deﬁnitively conﬁrm
such hypothesis.
It is entirely possible that other mechanisms also underlie such
GALNT2 effects. As a matter of fact, GalNAc-T2 coded by GALNT2 is
responsible for the O-linked glycosylation, allowing the transfer of
N-acetylgalactosamine from UDP-GalNAc to the hydroxyl group of a
serine or threonine residue [29]. Such glycosylation has been reported
to play an important role on insulin resistance and diabetes, either by
competing for phosphorylation on insulin-stimulated sites on effector
molecules, or by directly regulating components of insulin signaling, in-
cluding IRS1 and Akt [39–42].
Regardless the mechanism of action, also data from the few stud-
ies so far published on GALNT2 expression levels in several models of
metabolic abnormalities related to insulin resistance suggests that it
modulates insulin resistance traits. While GALNT2 expression is re-
duced in liver of insulin resistant Goto-Kakizaki diabetic rats [43], it
is increased in adipose tissue of obese, insulin resistant non-diabetic
PIMA Indians [44]. In addition, GALNT2 expression in mice causes an
inverse modulation of serum HDL-c levels, an established marker of
insulin sensitivity [45]. All in all, expression data in both humans
and rodents, although somehow variable, clearly point to GALNT2 as
a potential mediator of abnormalities related to insulin resistance.
Further support to this hypothesis comes from studies showing that
genetic variability at the GALNT2 locus (SNP rs4846914) is associated
with decreased HDL-c and increased triglyceride levels [46–48], two
main components of the insulin resistance/metabolic syndrome.5. Conclusions
In conclusion, our data identiﬁed GALNT2 as a newpotentialmodula-
tor of insulin signaling and action in human liver cells through the mod-
ulation of ENPP1 expression. Additional experiments in other cell types
and tissues relevant to glucose metabolism are needed to conﬁrm this
ﬁnding, thus deeper addressing the role of GALNT2 as a potential target
of novel treatments of insulin resistance and abnormal glucose homeo-
stasis. Finally, because of the very restrictive prioritizing criteria we
used to identify GALNT2, the list of ENPP1-3′UTR binding proteins may,
in fact, contain additional important candidates to be investigated in
further studies.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamcr.2013.02.032.Acknowledgements
This research was supported by the Italian Ministry of Health
Grants: RC2010, RC2011 (R.D.P.), and RC2011 (V.T.); the Fondazione
Roma “Sostegno alla ricerca scientiﬁca biomedica 2008” (V.T.), and the
FIRB Project Rete Nazionale per lo Studio della Proteomica Umana
(Italian Human ProteomeNet) from the MIUR (P.P). F.C. was supported
by P.O.R. Campania FSE 2007-2013, Project "CREMe".
The funders had no role in study design, data collection and anal-
ysis, decision to publish, or preparation of the manuscript.
Disclosure statement
The authors declare that they do not have any actual or potential con-
ﬂict of interest.References
[1] G.M. Reaven, Banting lecture 1988. Role of insulin resistance in human disease,
Diabetes 37 (1988) 1595–1607.
[2] C.M. Taniguchi, B. Emanuelli, C.R. Kahn, Critical nodes in signalling pathways: in-
sights into insulin action, Nat. Rev. Mol. Cell Biol. 7 (2006) 85–96.
[3] B.A. Maddux, I.D. Goldﬁne, Membrane glycoprotein PC-1 inhibition of insulin re-
ceptor function occurs via direct interaction with the receptor alpha-subunit, Di-
abetes 49 (2000) 13–19.
[4] B.A. Maddux, P. Sbraccia, S. Kumakura, S. Sasson, J. Youngren, A. Fisher, S. Spencer,
A. Grupe, W. Henzel, T.A. Stewart, et al., Membrane glycoprotein PC-1 and insulin
resistance in non-insulin-dependent diabetes mellitus, Nature 373 (1995)
448–451.
[5] A. Belﬁore, A. Costantino, F. Frasca, G. Pandini, R. Mineo, P. Vigneri, B. Maddux, I.D.
Goldﬁne, R. Vigneri, Overexpression of membrane glycoprotein PC-1 in MDA-MB231
breast cancer cells is associatedwith inhibition of insulin receptor tyrosine kinase activ-
ity, Mol. Endocrinol. 10 (1996) 1318–1326.
[6] C.N. Chin, Q. Dallas-Yang, F. Liu, T. Ho, K. Ellsworth, P. Fischer, T. Natasha, C.
Ireland, P. Lu, C. Li, I.M. Wang, W. Strohl, J.P. Berger, Z. An, B.B. Zhang, G. Jiang, Ev-
idence that inhibition of insulin receptor signaling activity by PC-1/ENPP1 is de-
pendent on its enzyme activity, Eur. J. Pharmacol. 606 (2009) 17–24.
[7] B.V. Costanzo, V. Trischitta, R. Di Paola, D. Spampinato, A. Pizzuti, R. Vigneri, L.
Frittitta, The Q allele variant (GLN121) of membrane glycoprotein PC-1 interacts
with the insulin receptor and inhibits insulin signaling more effectively than the
common K allele variant (LYS121), Diabetes 50 (2001) 831–836.
[8] J. Liang, M. Fu, E. Ciociola, M. Chandalia, N. Abate, Role of ENPP1 on adipocyte
maturation, PLoS One 2 (2007) e882.
[9] H.H. Zhou, C.N. Chin, M. Wu, W. Ni, S. Quan, F. Liu, Q. Dallas-Yang, K. Ellsworth, T.
Ho, A. Zhang, T. Natasha, J. Li, K. Chapman, W. Strohl, C. Li, I.M. Wang, J. Berger, Z.
An, B.B. Zhang, G. Jiang, Suppression of PC-1/ENPP-1 expression improves insulin
sensitivity in vitro and in vivo, Eur. J. Pharmacol. 616 (2009).
[10] R. Di Paola, N. Caporarello, A. Marucci, C. Dimatteo, C. Iadicicco, S. Del Guerra, S.
Prudente, D. Sudano, C. Miele, C. Parrino, S. Piro, F. Beguinot, P. Marchetti, V.
Trischitta, L. Frittitta, ENPP1 affects insulin action and secretion: evidences from
in vitro studies, PLoS One 6 (2011) e19462.
[11] H. Dong, B.A. Maddux, J. Altomonte, M. Meseck, D. Accili, R. Terkeltaub, K.
Johnson, J.F. Youngren, I.D. Goldﬁne, Increased hepatic levels of the insulin recep-
tor inhibitor, PC-1/NPP1, induce insulin resistance and glucose intolerance, Dia-
betes 54 (2005) 367–372.
[12] B.A. Maddux, Y.N. Chang, D. Accili, O.P. McGuinness, J.F. Youngren, I.D. Goldﬁne,
Overexpression of the insulin receptor inhibitor PC-1/ENPP1 induces insulin re-
sistance and hyperglycemia, Am. J. Physiol. Endocrinol. Metab. 290 (2006)
E746–E749.
[13] L. Frittitta, J.F. Youngren, P. Sbraccia, M. D'Adamo, A. Buongiorno, R. Vigneri, I.D.
Goldﬁne, V. Trischitta, Increased adipose tissue PC-1 protein content, but not tu-
mour necrosis factor-alpha gene expression, is associated with a reduction of
both whole body insulin sensitivity and insulin receptor tyrosine-kinase activity,
Diabetologia 40 (1997) 282–289.
[14] L. Frittitta, D. Spampinato, A. Solini, R. Nosadini, I.D. Goldﬁne, R. Vigneri, V.
Trischitta, Elevated PC-1 content in cultured skin ﬁbroblasts correlates with de-
creased in vivo and in vitro insulin action in nondiabetic subjects: evidence that
PC-1 may be an intrinsic factor in impaired insulin receptor signaling, Diabetes
47 (1998) 1095–1100.
[15] S. Teno, H. Kanno, S. Oga, S. Kumakura, R. Kanamuro, Y. Iwamoto, Increased activity of
membrane glycoprotein PC-1 in the ﬁbroblasts from non-insulin-dependent diabetes
mellitus patients with insulin resistance, Diabetes Res. Clin. Pract. 45 (1999) 25–30.
[16] F.B. Stentz, A.E. Kitabchi, Transcriptome and proteome expressions involved in in-
sulin resistance in muscle and activated T-lymphocytes of patients with type 2 di-
abetes, Genomics Proteomics Bioinformatics 5 (2007) 216–235.
[17] M. Chandalia, H. Davila, W. Pan, M. Szuszkiewicz, D. Tuvdendorj, E.H. Livingston,
N. Abate, Adipose tissue dysfunction in humans: a potential role for the trans-
membrane protein ENPP1, J. Clin. Endocrinol. Metab. 97 (2012).
[18] A. Pizzuti, L. Frittitta, A. Argiolas, R. Baratta, I.D. Goldﬁne, M. Bozzali, T. Ercolino, G.
Scarlato, L. Iacoviello, R. Vigneri, V. Tassi, V. Trischitta, A polymorphism (K121Q)
of the human glycoprotein PC-1 gene coding region is strongly associated with
insulin resistance, Diabetes 48 (1999) 1881–1884.
[19] N. Abate, L. Carulli, A. Cabo-Chan Jr., M. Chandalia, P.G. Snell, S.M. Grundy, Genetic
polymorphism PC-1 K121Q and ethnic susceptibility to insulin resistance, J. Clin.
Endocrinol. Metab. 88 (2003) 5927–5934.
[20] N. Grarup, S.A. Urhammer, J. Ek, A. Albrechtsen, C. Glumer, K. Borch-Johnsen, T.
Jorgensen, T. Hansen, O. Pedersen, Studies of the relationship between the
ENPP1 K121Q polymorphism and type 2 diabetes, insulin resistance and obesity
in 7,333 Danish white subjects, Diabetologia 49 (2006) 2097–2104.
[21] R. Baratta, P. Rossetti, S. Prudente, F. Barbetti, D. Sudano, A. Nigro, M.G. Farina, F.
Pellegrini, V. Trischitta, L. Frittitta, Role of the ENPP1 K121Q polymorphism in
glucose homeostasis, Diabetes 57 (2008) 3360–3364.
[22] E.S. Stolerman, A.K. Manning, J.B. McAteer, J. Dupuis, C.S. Fox, L.A. Cupples, J.B.
Meigs, J.C. Florez, Haplotype structure of the ENPP1 gene and nominal association
of the K121Q missense single nucleotide polymorphism with glycemic traits in
the Framingham Heart Study, Diabetes 57 (2008) 1971–1977.
[23] D. Meyre, N. Bouatia-Naji, A. Tounian, C. Samson, C. Lecoeur, V. Vatin, M.
Ghoussaini, C. Wachter, S. Hercberg, G. Charpentier, W. Patsch, F. Pattou, M.A.
Charles, P. Tounian, K. Clement, B. Jouret, J. Weill, B.A. Maddux, I.D. Goldﬁne, A.
Walley, P. Boutin, C. Dina, P. Froguel, Variants of ENPP1 are associated with child-
hood and adult obesity and increase the risk of glucose intolerance and type 2 di-
abetes, Nat. Genet. 37 (2005) 863–867.
1395A. Marucci et al. / Biochimica et Biophysica Acta 1833 (2013) 1388–1395[24] A. Marucci, G. Miscio, L. Padovano, W. Boonyasrisawat, J.C. Florez, A. Doria, V.
Trischitta, R. Di Paola, The role of HSP70 on ENPP1 expression and insulin-receptor
activation, J. Mol. Med. 87 (2009) 139–144.
[25] L. Frittitta, T. Ercolino, M. Bozzali, A. Argiolas, S. Graci, M.G. Santagati, D. Spampinato,
R. Di Paola, C. Cisternino, V. Tassi, R. Vigneri, A. Pizzuti, V. Trischitta, A cluster of three
single nucleotide polymorphisms in the 3′-untranslated region of human glycoprotein
PC-1 gene stabilizes PC-1mRNA and is associatedwith increased PC-1 protein content
and insulin resistance-related abnormalities, Diabetes 50 (2001) 1952–1955.
[26] A. Russo, C. Cirulli, A. Amoresano, P. Pucci, C. Pietropaolo, G. Russo, cis-Acting se-
quences and trans-acting factors in the localization of mRNA for mitochondrial ri-
bosomal proteins, Biochim. Biophys. Acta, Gene Regul. Mech. 1779 (2008)
820–829.
[27] V. Pisa, M. Cozzolino, S. Gargiulo, C. Ottone, F. Piccioni, M. Monti, S. Gigliotti, F.
Talamo, F. Graziani, P. Pucci, A.C. Verrotti, The molecular chaperone Hsp90 is a
component of the cap-binding complex and interacts with the translational re-
pressor Cup during Drosophila oogenesis, Gene 432 (2009) 67–74.
[28] E. Zito, M. Buono, S. Pepe, C. Settembre, I. Annunziata, E.M. Surace, T. Dierks, M.
Monti, M. Cozzolino, P. Pucci, A. Ballabio, M.P. Cosma, Sulfatase modifying factor
1 trafﬁcking through the cells: from endoplasmic reticulum to the endoplasmic
reticulum, EMBO J. 26 (2007) 2443–2453.
[29] K.G. Ten Hagen, T.A. Fritz, L.A. Tabak, All in the family: the UDP-GalNAc:polypep-
tide N-acetylgalactosaminyltransferases, Glycobiology 13 (2003) 1R–16R.
[30] H.F. Gu, P. Almgren, E. Lindholm, L. Frittitta, A. Pizzuti, V. Trischitta, L.C. Groop, As-
sociation between the human glycoprotein PC-1 gene and elevated glucose and
insulin levels in a paired-sibling analysis, Diabetes 49 (2000) 1601–1603.
[31] L. Frittitta, R. Baratta, D. Spampinato, R. Di Paola, A. Pizzuti, R. Vigneri, V. Trischitta,
The Q121 PC-1 variant and obesity have additive and independent effects in causing
insulin resistance, J. Clin. Endocrinol. Metab. 86 (2001) 5888–5891.
[32] R. Baratta, R. Di Paola, D. Spampinato, G. Fini, A. Marucci, A. Coco, R. Vigneri, L.
Frittitta, V. Trischitta, Evidence for genetic epistasis in human insulin resistance:
the combined effect of PC-1 (K121Q) and PPARgamma2 (P12A) polymorphisms,
J. Mol. Med. 81 (2003) 718–723.
[33] A. Kubaszek, J. Pihlajamaki, P. Karhapaa, I. Vauhkonen, M. Laakso, The K121Q
polymorphism of the PC-1 gene is associated with insulin resistance but not
with dyslipidemia, Diabetes Care 26 (2003) 464–467.
[34] K. Hamaguchi, H. Terao, Y. Kusuda, T. Yamashita, J.A. Hazoury Bahles, L.M. Cruz,
V.L. Brugal, W.B. Jongchong, H. Yoshimatsu, T. Sakata, The PC-1 Q121 allele is ex-
ceptionally prevalent in the Dominican Republic and is associated with type 2 di-
abetes, J. Clin. Endocrinol. Metab. 89 (2004) 1359–1364.
[35] N. Abate, M. Chandalia, P. Satija, B. Adams-Huet, S.M. Grundy, S. Sandeep, V.
Radha, R. Deepa, V. Mohan, ENPP1/PC-1 K121Q polymorphism and genetic sus-
ceptibility to type 2 diabetes, Diabetes 54 (2005) 1207–1213.
[36] S. Bacci, O. Ludovico, S. Prudente, Y.Y. Zhang, R. Di Paola, D.Mangiacotti, A. Rauseo, D.
Nolan, J. Duffy, G. Fini, L. Salvemini, C. Amico, C. Vigna, F. Pellegrini, C. Menzaghi, A.
Doria, V. Trischitta, The K121Q polymorphism of the ENPP1/PC-1 gene is associated
with insulin resistance/atherogenic phenotypes, including earlier onset of type 2 di-
abetes and myocardial infarction, Diabetes 54 (2005) 3021–3025.
[37] I. Tasic, M. Milojkovic, R. Sunder-Plassmann, G. Lazarevic, N.M. Tasic, V.
Stefanovic, The association of PC-1 (ENPP1) K121Q polymorphism with metabol-
ic syndrome in patients with coronary heart disease, Clin. Chim. Acta 377 (2007)
237–242.
[38] J.B. McAteer, S. Prudente, S. Bacci, H.N. Lyon, J.N. Hirschhorn, V. Trischitta, J.C.
Florez, The ENPP1 K121Q polymorphism is associated with type 2 diabetes in
European populations: evidence from an updated meta-analysis in 42,042 sub-
jects, Diabetes 57 (2008) 1125–1130.
[39] L. Wells, K. Vosseller, G.W. Hart, Glycosylation of nucleocytoplasmic proteins: sig-
nal transduction and O-GlcNAc, Science 291 (2001) 2376–2378.[40] S.Y. Park, J. Ryu, W. Lee, O-GlcNAc modiﬁcation on IRS-1 and Akt2 by PUGNAc in-
hibits their phosphorylation and induces insulin resistance in rat primary adipo-
cytes, Exp. Mol. Med. 37 (2005) 220–229.
[41] Y.A. Soesanto, B. Luo, D. Jones, R. Taylor, J.S. Gabrielsen, G. Parker, D.A. McClain,
Regulation of Akt signaling by O-GlcNAc in euglycemia, Am. J. Physiol. Endocrinol.
Metab. 295 (2008) E974–E980.
[42] X. Yang, P.P. Ongusaha, P.D. Miles, J.C. Havstad, F. Zhang, W.V. So, J.E. Kudlow, R.H.
Michell, J.M. Olefsky, S.J. Field, R.M. Evans, Phosphoinositide signalling links
O-GlcNAc transferase to insulin resistance, Nature 451 (2008) 964–969.
[43] R.R. Almon, D.C. DuBois,W. Lai, B. Xue, J. Nie,W.J. Jusko, Gene expression analysis of he-
patic roles in cause and development of diabetes in Goto-Kakizaki rats, J. Endocrinol.
200 (2009) 331–346.
[44] Y.H. Lee, S. Nair, E. Rousseau, D.B. Allison, G.P. Page, P.A. Tataranni, C. Bogardus,
P.A. Permana, Microarray proﬁling of isolated abdominal subcutaneous adipo-
cytes from obese vs non-obese Pima Indians: increased expression of
inﬂammation-related genes, Diabetologia 48 (2005) 1776–1783.
[45] T.M. Teslovich, K. Musunuru, A.V. Smith, A.C. Edmondson, I.M. Stylianou, M.
Koseki, J.P. Pirruccello, S. Ripatti, D.I. Chasman, C.J. Willer, C.T. Johansen, S.W.
Fouchier, A. Isaacs, G.M. Peloso, M. Barbalic, S.L. Ricketts, J.C. Bis, Y.S. Aulchenko,
G. Thorleifsson, M.F. Feitosa, J. Chambers, M. Orho-Melander, O. Melander, T.
Johnson, X. Li, X. Guo, M. Li, Y. Shin Cho, M. Jin Go, Y. Jin Kim, J.Y. Lee, T. Park, K.
Kim, X. Sim, R. Twee-Hee Ong, D.C. Croteau-Chonka, L.A. Lange, J.D. Smith, K.
Song, J. Hua Zhao, X. Yuan, J. Luan, C. Lamina, A. Ziegler, W. Zhang, R.Y. Zee, A.F.
Wright, J.C. Witteman, J.F. Wilson, G. Willemsen, H.E. Wichmann, J.B. Whitﬁeld,
D.M. Waterworth, N.J. Wareham, G. Waeber, P. Vollenweider, B.F. Voight, V.
Vitart, A.G. Uitterlinden, M. Uda, J. Tuomilehto, J.R. Thompson, T. Tanaka, I.
Surakka, H.M. Stringham, T.D. Spector, N. Soranzo, J.H. Smit, J. Sinisalo, K.
Silander, E.J. Sijbrands, A. Scuteri, J. Scott, D. Schlessinger, S. Sanna, V. Salomaa,
J. Saharinen, C. Sabatti, A. Ruokonen, I. Rudan, L.M. Rose, R. Roberts, M. Rieder,
B.M. Psaty, P.P. Pramstaller, I. Pichler, M. Perola, B.W. Penninx, N.L. Pedersen, C.
Pattaro, A.N. Parker, G. Pare, B.A. Oostra, C.J. O'Donnell, M.S. Nieminen, D.A.
Nickerson, G.W. Montgomery, T. Meitinger, R. McPherson, M.I. McCarthy, et al.,
Biological, clinical and population relevance of 95 loci for blood lipids, Nature
466 (2010) 707–713.
[46] S. Kathiresan, O. Melander, C. Guiducci, A. Surti, N.P. Burtt, M.J. Rieder, G.M.
Cooper, C. Roos, B.F. Voight, A.S. Havulinna, B. Wahlstrand, T. Hedner, D. Corella,
E.S. Tai, J.M. Ordovas, G. Berglund, E. Vartiainen, P. Jousilahti, B. Hedblad, M.R.
Taskinen, C. Newton-Cheh, V. Salomaa, L. Peltonen, L. Groop, D.M. Altshuler, M.
Orho-Melander, Six new loci associated with blood low-density lipoprotein cho-
lesterol, high-density lipoprotein cholesterol or triglycerides in humans, Nat.
Genet. 40 (2008) 189–197.
[47] C.J. Willer, S. Sanna, A.U. Jackson, A. Scuteri, L.L. Bonnycastle, R. Clarke, S.C. Heath,
N.J. Timpson, S.S. Najjar, H.M. Stringham, J. Strait, W.L. Duren, A. Maschio, F.
Busonero, A. Mulas, G. Albai, A.J. Swift, M.A. Morken, N. Narisu, D. Bennett, S.
Parish, H. Shen, P. Galan, P. Meneton, S. Hercberg, D. Zelenika, W.M. Chen, Y. Li,
L.J. Scott, P.A. Scheet, J. Sundvall, R.M. Watanabe, R. Nagaraja, S. Ebrahim, D.A.
Lawlor, Y. Ben-Shlomo, G. Davey-Smith, A.R. Shuldiner, R. Collins, R.N. Bergman,
M. Uda, J. Tuomilehto, A. Cao, F.S. Collins, E. Lakatta, G.M. Lathrop, M. Boehnke,
D. Schlessinger, K.L. Mohlke, G.R. Abecasis, Newly identiﬁed loci that inﬂuence
lipid concentrations and risk of coronary artery disease, Nat. Genet. 40 (2008)
161–169.
[48] A.G. Holleboom, H. Karlsson, R.S. Lin, T.M. Beres, J.A. Sierts, D.S. Herman, E.S.
Stroes, J.M. Aerts, J.J. Kastelein, M.M. Motazacker, G.M. Dallinga-Thie, J.H. Levels,
A.H. Zwinderman, J.G. Seidman, C.E. Seidman, S. Ljunggren, D.J. Lefeber, E.
Morava, R.A. Wevers, T.A. Fritz, L.A. Tabak, M. Lindahl, G.K. Hovingh, J.A.
Kuivenhoven, Heterozygosity for a loss-of-function mutation in GALNT2 im-
proves plasma triglyceride clearance in man, Cell Metab. 14 (2011) 811–818.
